The nucleotide sequence of the 3'-terminal portion of the tobacco etch virus (TEV) The TEV genome is considerably more complex than genomes of other plant viruses, such as brome mosaic virus and tobacco mosaic virus, which have been studied in detail. At least seven virus gene products are synthesized during infection (4). Five of these proteins have been identified and purified to homogeneity (5, 6). Therefore, TEV provides a model system to study plant virus gene expression and regulation.
Tobacco etch virus (TEV) is a member of the potato virus Y (potyvirus) group of plant virus pathogens (1) . This is one of the largest groups of plant viruses, with over 60 members (2) . Typically, potyviruses are unicomponent, have a flexuous rod morphology, and are transmitted by aphids. A unique feature of potyviruses is the large amount of virus-encoded noncapsid proteins produced during infection. The function of these proteins, which aggregate within infected cells to form inclusion bodies, is unknown (3) .
The TEV genome is considerably more complex than genomes of other plant viruses, such as brome mosaic virus and tobacco mosaic virus, which have been studied in detail. At least seven virus gene products are synthesized during infection (4) . Five of these proteins have been identified and purified to homogeneity (5, 6) . Therefore, TEV provides a model system to study plant virus gene expression and regulation.
The genome of TEV is a plus-sense single-stranded RNA consisting of approximately 10,000 nucleotides (7) . A small protein is covalently linked to the 5'-terminal nucleotide (7) and a polyadenylate tract is located at the 3' terminus (8) .
Cell-free translational analysis of TEV virion RNA or RNA extracted from TEV-infected tissue consistently results in the synthesis of a large molecular weight protein (-=85,000) that can be immunoprecipitated with monospecific antisera to either the TEV capsid or nuclear inclusion protein (4) . Polyadenylylated subgenomic messenger RNAs are not detected when RNA extracted from TEV-infected tobacco leaf tissue is analyzed in gel hybridization experiments (9) . These data suggest a strategy of genomic organization and expression for TEV in which the capsid protein is synthesized as part of a polyprotein that undergoes post-translational proteolytic processing.
Nucleotide sequence determination studies were initiated to provide information on the organization of the TEV genome. Complementary DNA (cDNA) of TEV RNA was inserted into the plasmid vector pBR322, and the sequence of 2324 nucleotides adjacent to the 3' polyadenylate region of the viral genome was determined. A single open reading frame (ORF) of 2135 nucleotides was detected and the sequence coding for the capsid protein was identifed. These data support the hypothesis that the 30,000 molecular weight capsid protein is expressed via synthesis and processing of a polyprotein (4, 9) .
MATERIALS AND METHODS
Cloning and Sequencing. Double-stranded cDNA was prepared from the viral RNA of the not-aphid-transmitted (NAT) isolate of TEV (10) and inserted into the Sal I/EcoRI sites of the bacterial plasmid pBR322 (11) . All experiments involving recombinant DNA were conducted under P1 containment conditions. Colonies resistant to ampicillin were screened on nitrocellulose by hybridization with 32P-labeled single-stranded cDNA of TEV RNA. The cDNA insert was removed by digestion with Sal I and EcoRI and separated from pBR322 DNA on an 0.8% agarose gel. The cloned cDNA fragment was isolated from the gel by using DEAE NA 45 membrane (Schleicher & Schuell), following the manufacturer's procedure. The following restriction enzymes were used either singly or in combination to digest the cDNA insert: Bal I, HindIII, Pst I, Rsa I, Sau3A, and Taq I. The resulting digestion products were inserted into the replicative form of an appropriate M13 bacteriophage cloning vector (12) and the nucleotide sequence was determined by the dideoxy nucleotide chain termination method (13) .
Purified TEV RNA was sequenced directly by using reverse transcriptase in dideoxy nucleotide chain termination reactions (14) . Synthesis was primed with a 12-nucleotide single-stranded DNA oligomer [(dT)10-dC-dT] (Pharmacia P-L Biochemicals), which hybridized to the 3' poly(A) region and the two adjacent nucleotides of the RNA. The length of the 3' poly(A) region was determined by the method of Ahlquist and Kaesberg (15 STo whom reprint requests should be addressed.
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performed with an Applied Biosystem gas-phase sequencer and the aqueous trifluoroacetic acid conversion method (16) .
RESULTS
Recombinant DNA Molecules Containing TEV cDNA. Twenty-four recombinant DNA plasmids containing cDNA inserts of TEV RNA were identified. The cDNA inserts of these plasmids ranged in size from 300 to 2400 base pairs (bp) and hybridized with randomly primed or oligo(dT)-primed TEV cDNA. TEV cDNA inserts did not hybridize with oligo(dT)-primed cDNA of pepper mottle virus (PeMV) RNA under similar hybridization conditions (data not shown). One of these recombinant DNA molecules, pNAT-17 (=2400-bp insert), was selected for sequence analysis.
Sequence Analysis. The sequencing strategy and orientation of pNAT-17 to a proposed TEV RNA genomic map are shown in Fig. 1 . The sequence of the poly(A) tract and the adjacent 129 nucleotides was confirmed by sequencing the RNA directly. The 2324-nucleotide sequence of pNAT-17, representing the 3'-terminal region of the TEV genomic RNA, is presented in Fig. 2 (17) , revealed limited secondary structure. A 6-nucleotide sequence A-U-A-U-G-U was repeated, and the 16-nucleotide sequence containing this repeated sequence displayed considerable homology with sequences found in the 3' untranslated region of cowpea mosaic virus RNAs M and B (18, 19) and with PeMV RNA (unpublished observation).
The poly(A) tract, adjacent to the 3' untranslated region, was variable in length (20 to 120 nucleotides), with a majority of the genomic RNA possessing 20 to 40 adenosines (data not shown). DISCUSSION A genetic map of the TEV genome has been proposed (4) (Fig. 1), although 
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GAG GCG CAU AUG CAA AUG AAA GCU GCU GCA GUA CGA AMC AGU GGA ACU AGO UUA UUU GGU CUU GAU GGC AAC GUG GGU ACU GCA GAG GAA -256 figure. for the capsid protein gene. TEV is similar to tobacco mosaic virus (21, 22) and several spherical RNA plant viruses with monopartite genomes (23, 24) in the location of the capsid protein gene.
The nucleic acid and protein data (Figs. 2 and 3) are consistent with those obtained by cell-free translation of TEV RNA isolated from virions or from TEV-infected tissue (4, 9) . An 85,000 molecular weight protein is synthesized when TEV RNA is translated in a rabbit reticulocyte lysate (4, 5 (25, 26) . Alternatively, a polycistronic subgenomic messenger RNA, as described for the Alphaviridae (27, 28) , may be involved in the synthesis of these two proteins. Our inability to identify polyadenylylated subgenomic mRNAs in RNA extracted from TEV-infected plants (9) and the synthesis of high molecular weight (> 200,000) proteins when TEV RNA is translated in a rabbit reticulocyte system (4) suggest a strategy of TEV genome expression in which a single polyprotein is synthesized.
Processing of the polyprotein, to produce capsid protein associated with TEV virion, requires a cleavage event. The probable cleavage site is between the glutamine and glycine residues found at amino acid positions -264 and -263 (Fig.  2) . This would result in a 29,650 molecular weight capsid protein molecule, which is in good agreement with the molecular size of 30,000 estimated from polyacrylamide gel electrophoresis studies (29) . The dipeptide glutaminylglycine has been implicated as the cleavage site of viral polyproteins associated with the animal picornaviruses (19, 25) and with cowpea mosaic virus (18) . We recently have obtained evidence that the probable cleavage site of the high molecular weight capsid protein precursor of PeMV is similar to that of TEV. The probable cleavage site for PeMV is between a glutamine and an alanine, and amino acids with "bulky" side chains are found adjacent to the glutamine residue (unpublished observations). These amino acids are tyrosine and phenylalanine for TEV and two histidines for PeMV. These residues may be involved in the proper positioning of the peptide for cleavage. The protease involved in potyvirus protein processing, its specificity, and whether it is encoded by virus or cell remain to be determined. However, if the protease is virus encoded, interference with its function may be an effective strategy for controlling potyvirus infection.
The nucleotide and amino acid sequences presented here, in conjunction with the in vivo (9) and in vitro (4) analysis of TEV RNA, support the hypothesis that processing of a polyprotein is involved in expression of the TEV capsid protein.
